Simple and efficient freezing methods with maximal postthawing recovery form the basis of ideal cryopreservation. Taurine (2-amino ethanesulfonic acid), an end-product of sulphur amino acid metabolism, is one of the most abundant free amino acids in the body. The membrane stabilizing, free radical scavenging, and osmoregulatory roles of taurine have been well documented. We studied the effect of physiological and supra-physiological concentrations (0.3 and 3.0 mM) of taurine on islet cryopreservation. Islet viability on cryopreservation was significantly improved in both the taurine-treated groups (91.9 ± 2.3% in 0.3 mM and 94.6 ± 1.58% in 3.0 mM group, p < 0.05) compared with the controls (85.7 ± 3.4%). Loss of peripheral islet cells was highly reduced in the taurine group, as examined under phase contrast and quantified by islet morphometric analysis (p < 0.05) using a digital image analysis system. Taurine-treated islets showed significant reduction in lipid peroxidation (0.905 and 0.848 nM MDA/µg protein for 0.3 and 3.0 mM taurine, respectively, p < 0.05) compared with control (1.307 nM MDA/µg protein) islets. In all, 500 islet equivalents (IE) of treated or control group islets were transplanted to BALB/c mice rendered diabetic with STZ. All animals showed a normal glucose clearance following a glucose load. Graft functionality was confirmed by normoglycemia (fasting plasma glucose: fpg < 150 mg/dl) after transplantation and reappearing hyperglycemia (fpg > 200 mg/dl) following removal of the graft. Suboptimal islet transplantation using 250 IE suggests that the grafted islet mass was inadequate for diabetes reversal. In addition, no significant differences were observed in the islet insulin content between the three groups following cryopreservation of the islets at −196°C. Our studies indicate that taurine pretreatment and its continued presence during islet cryopreservation improves the postthawing viable recovery of islets.
INTRODUCTION
vin in cryopreservation of islets due to its antioxidant nature (17) . The commonly used cryoprotectants, glyc-One of the major drawbacks in cryopreservation of erol and dimethyl sulfoxide (Me 2 SO), protect on a molar pancreatic islets is sublethal cryodamage, in which the basis and act by reducing electrolyte concentration in postthawing islet cell viability is highly reduced. Cryothe residual unfrozen solution in and around the cell at damage to the islet cell membranes may be due to perany given temperature (9,13). However, the reported oxidation-related damage, involving plasma membrane percent recovery counts following cryopreservation, usdamage due to lipid peroxidation, or may be membrane ing Me 2 SO, remain in the range of 67-89% (2). Therestress related, involving membrane embrittlement during fore, there is a need to improve the postthawing viable the phase transitions occurring at the time of freezing cell recovery of the islets by supplementing the freezing and thawing. One of the major causes of cryoinjury is medium with suitable additives to improve the islet yield the destructive effect of oxygen free radicals formed following cryopreservation. during freezing and thawing. Therefore, addition of Taurine, a freely occurring β-amino acid, has been physiologically acceptable antioxidants into the preserknown to be present in high concentrations in most vation solution may aid in offering a protective effect. mammalian tissues (6), including those that prodigiously We have recently reported beneficial effects of riboflaproduce oxygen. In particular, rat islets have been 248 HARDIKAR ET AL.
shown to contain 15 times more taurine than the exo-methods already described (5). All digestions were carried out at 37°C in RPMI-1640 medium containing col-crine pancreas (1). Taurine, under physiological conditions, is chlorinated to form taurine-chloramine (Tau-Cl) lagenase (1 mg/ml, Type V Collagenase, Sigma, St. Louis, MO). Islets were then cultured in RPMI-1640 by the halide-dependent myeloperoxidase system and reduces hypochlorous acid (HOCl) toxicity by forming the with 10% (v/v) heat-inactivated fetal calf serum (FCS, Gibco, Grand Island, NY), penicillin (200 U/ml), and less reactive metabolite, N-chlorotaurine. Taurine/Tau-Cl has been shown to inhibit the synthesis of nitric oxide streptomycin (200 µg/ml) in a humidified atmosphere of 95% air and 5% CO 2 . After 48 h of culture, islets were (NO) and also the release of tumor necrosis factor (8, 12) . In a survey on hatchling turtles (19) that survive hand-picked under a stereomicroscope to obtain a "pure" islet population. To avoid interference with serum, islets winter hibernation, analysis of their possible cryoprotectants revealed a threefold increase in blood glycerol in were then cultured for the pre-cryopreservation 18 h in DME/F12 medium (1:1, v/v, Gibco, Paisley, Scotland) response to freezing. Their total amino acid pool of without or with 0.3 or 3.0 mM taurine. blood also increased 2.25-fold in freezing-exposed turtles, and taurine was shown to account for 52% of the Islet Cryopreservation and Thawing Procedures increase (19) . These results indicate that taurine does All operations, unless otherwise mentioned, were carhave a very vital biological role in protecting such coldried out at 4°C. A previously reported method for islet adapted animals from freezing injury in nature. Therecryopreservation (14) was followed. Briefly, after 18 h fore, the applicability of these physiologically acceptof treatment without or with 0.3 or 3.0 mM taurine, aliable and naturally occurring cryoprotectants, like tauquots of 500 islet equivalents (IE) were suspended in rine, becomes interesting to work out in such in vitro 500 µl of DME/F12 medium (without or with 0.3 or biological systems. Taurine has been very well docu-3.0 mM taurine) containing 10% heat-inactivated FCS. mented for its osmoregulatory, membrane stabilizing, These were equilibrated with Me 2 SO, added stepwise to and free radical scavenging activity (10). There are also a final concentration of 2 M, and cooled at a rate of a very few reports (3,4,16) on the cryoprotective action 0.25°C/min to −40°C following which the cryovials of taurine in other systems. Sanchez-Partida et al. (16) were plunged into liquid nitrogen. On the day of transhave demonstrated the cryoprotective effect of taurine, plantation, cryovials were removed and rapidly thawed which may be attributed to its osmoregulatory rather (Ϸ200°C/min) in a water bath maintained at 37°C. After than its antioxidant properties. To the best of our knowlserial washes in DME/F12 medium (without or with 0.3 edge, the present study is the first report of its kind, or 3.0 mM taurine), islets were taken for transplantation. emphasizing the role of taurine in islet cryopreservation.
After thawing, islets were briefly cultured in their respective media. Islets from one cryovial in each group MATERIALS AND METHODS and in each batch of experiment were then taken for Animals viability, morphometry, lipid peroxidation, and insulin Male BALB/c mice, 8 weeks old, were used in all content studies. experiments. All animals were obtained from an inbred population of BALB/c mice at the National Centre for Islet Morphology and Morphometry by Image Analysis Cell Science, Pune, India. Animals were kept under con-In order to assess islet morphology, postthaw pancretrolled conditions of temperature and humidity with atic islets in each group were stained with trypan blue equal (12 h) dark-light cycle. Unless otherwise men-(0.04%) and dead/viable islets were quantified. In our tioned, all animals had free access to pelleted food and studies, we counted all those islets showing >90% of water. BALB/c sibling mice were used as recipients and unstained islet tissue as "viable" and those showing donors. Recipient mice were rendered diabetic with a more than 10% islet tissue stained by trypan blue as single intraperitoneal injection (200 mg/kg body weight) "dead." Islet morphometry studies were carried out on a of streptozotocin (STZ, Sigma, Dorseth, UK). STZ was Kontron digital image analysis (DIA) system (Kontron dissolved in chilled citrate buffer (pH 4.5) just prior to Elektronik GmbH, Munchen, Germany) connected to a injection. Animals that were classified as diabetic had a Zeiss microscope (18) . Islets were observed, images fpg > 200 mg/dl for at least 7 days prior to the date of captured with a Variocam, PCO CCD imaging camera transplantation. Only such animals were taken for the (Variocam, Germany), and quantification of islet area transplantation studies. and longest diameter were made using the Kontron Image analysis software version 2.04.
Islet Isolation
Lipid Peroxidation Estimation Eight-week-old BALB/c mice were sacrificed by cervical dislocation and their pancreas was removed under Groups of 100 islet equivalents (IE), cryopreserved with or without 0.3 or 3.0 mM taurine, were disinte-sterile conditions. Islets were then isolated following grated at 4°C by sonication (Sonifier 250; Branson, Lon-London, UK), with calibration standards from Sigma (Dorset, UK). don, UK) in 0.5 ml PBS (pH 7.4). Protein content of the homogenate was estimated on a protein detection kit Statistical Analysis (Pierce, Rockford, IL). Lipid peroxidation was assayed following 2-thiobarbituric acid (TBA) method (7) with Computations were performed using Jandel Scientific tetramethoxy propane (TMP) as a standard. Lipid perox-Sigma-stat statistical package (version 4 for Windows idation is expressed as nM MDA/µg protein.
95). Results are expressed as mean ± SEM for normally distributed data or as median and interquartile range Islet Insulin Content Estimation when the data were not normally distributed. Differ-Groups of 50 IE, cryopreserved with or without 0.3 ences between groups were tested using Mann-Whitney or 3.0 mM taurine, were disintegrated at 4°C by sonicatest or ANOVA as appropriate. All values for p < 0.05 tion (Sonifier 250; Branson) in 0.5 ml acid ethanol (75% were considered to be statistically significant. v/v ethanol, 23.5% Milli-Q distilled water, and 1.5% 10 RESULTS N HCl). The homogenates were stored at −20°C until insulin content was assayed by a radioimmunoassay kit Islet Viability and Morphology Studies (Diagnostic Products Corporation, LA, USA), using pu-In all our islet isolation procedures, freshly isolated rified rat insulin standard (Novo, Nordisk, Denmark).
islets showed around 97-98% viability. Only islet popu-Insulin content is expressed as ng/IE.
lations that showed such viability estimates were used for cryopreservation. On thawing, islets showed 85.7 ± Islet Functionality Assessment by Transplantation in 3.4% viable islet recovery in the control group. In the Diabetic Mice case of 0.3 and 3.0 mM taurine-treated islets the viable Animals were fasted overnight and anesthetized by islet recovery was 91.9 ± 2.3% and 94.6 ± 1.58% (p = IP administration of thiopental sodium at a dose of 40 0.03), respectively. Morphological examination of the mg/kg body weight. Animals were operated to access postthawed islets in the control group revealed detachtheir left kidney. A total mass of 500 IE (1 IE = 150 ment of a considerable number of cells from the surface µm diameter islet) was implanted under the left kidney of islets ( Fig. 1A) . This effect was observed regularly in capsule. Incisions were sutured using absorbable 6-0 this group. However, islets in the taurine-treated groups catgut sutures (Stericat Gutstrings, Delhi, India) and audid not show any peripheral islet cell loss (Fig. 1B, C) . toclipper (Becton Dickinson, USA). All animals re-
The postthaw control islets also tended to be a bit fragile ceived an IP injection of gentamycin (3 mg/kg b.wt.), in their morphology compared with the treated islets ampicillin and cloxacillin (20 mg/kg b.wt.), and diclo- (Fig. 1 ). fenac sodium (0.5 mg/kg b.wt.) for 3 days (starting from the operative day) in addition to the topical ointments Islet Morphometry Estimation by Digital Image (Soframycin). Animals were followed for 10 postopera-Analysis tive days with their daily plasma glucose measurements;
Islet morphometry measurements with the DIA syson 11th day posttransplantation all animals underwent tem revealed a small decrease in the area and diameter unilateral nephrectomy (left kidney), to confirm islet measurements of the control group islets compared with graft function. the 0.3 mM taurine-treated group (Table 1) . Islets in the In order to resolve any differences between the tau-3.0 mM treatment group showed a significant preservarine-treated and untreated groups, we also transplanted tion of islet cell mass compared with the controls, which a suboptimal mass of taurine-treated (3.0 mM) or unexhibited a significant decrease in the islet area/diameter treated (control) islet grafts to STZ-diabetic mice. Islet counts. grafts were transplanted under the left kidney capsule and operated as mentioned above. Animals were ob-Lipid Peroxidation Estimation served for 1 month with weekly blood glucose measure-Taurine-treated postthawed islets showed significant ments and were challenged with glucose (as mentioned reduction in the lipid peroxidation compared with conelsewhere) to test graft functionality. trol islets (Fig. 2) .
Plasma Glucose and Tolerance Tests
Islet Insulin Content Determination Animals were fasted overnight and then administered Islets in each group were also assessed for their insu-IP D-glucose solution (2 g/kg b.wt.). Circulating glucose lin content. Islets in the treated groups (0.3 or 3.0 mM concentrations at basal and 30, 60, and 120 min after the taurine) showed a minuscule increase (Fig. 3) in islet glucose load were estimated by a glucose oxidase method using Analox GM7 auto-analyzer (Analox Instruments, insulin content compared with that of controls.
remaining normoglycemic (fpg < 120 mg/dl) throughout the study. There was normal clearance of glucose with 2-h plasma glucose <150 mg/dl in all the animals tested. There were no significant differences in the glucose control/clearance pattern in animals receiving islets, either from the taurine-treated or the untreated groups. In order to determine whether the normoglycemia was maintained solely because of the islet grafts, we operated on the animals for graft removal. All of the animals receiving islet grafts reverted to hyperglycemic conditions (fpg > 200 mg/dl) upon retrieval of the graft, indicating that the cryopreserved islet grafts were functional. Transplantation of 250 IE was not adequate for diabetes reversal in either the treated or untreated groups. The taurine-treated group showed rapid glucose clearance (compared with the controls) during the first phase of insulin response, as indicated by a significantly lower (303.3 ± 4.3 vs. 385.3 ± 7.1 mg/dl; p = 0.0006) circulating plasma glucose by 60 min following glucose stimulus. However, no significant differences were seen in the glucose concentrations at the 120-min time point between these groups (Fig. 5 ).
DISCUSSION
Islet cryopreservation is of primary importance in the long-term storage/banking of pancreatic β-cells for transplantation to diabetic individuals. Our data suggest that taurine offers an advantage to the routinely used conventional cryopreservation method. Islet cell membranes are highly vulnerable to variations in thermal and osmotic conditions, which occur during the phase transitions in the cryopreservation process. Such conditions need supplementation of certain additives to the freezing/thawing medium, which will enhance the osmotic properties and/or aid in the phase transition during freezing. Taurine has been reported previously to protect chimpanzee sperm from osmotic stress, one of the damaging factors during freezing (11). However, no studies have been reported so far on the use of taurine in islet cryostorage.
We observed significant increase in percent viable recovery of pancreatic islets after cryopreservation. Our tion viable cell recovery.
Islets that were cryopreserved with Me 2 SO alone (without taurine) showed alterations in their morphology Islet Transplantation as examined under phase contrast microscopy (Fig. 1) . Image analysis of the islets also showed a smaller and To assess the functionality of these islets in terms of glucose regulation, we transplanted postthawed islets in statistically significant size difference (p < 0.05) in the control group after thawing, which could be attributed sibling animals. All mice receiving islet grafts attained normoglycemia by 24 h after transplantation (Fig. 4) , to the peripheral cell loss. It therefore seems likely that taurine treatment greatly reduces peripheral islet cell crease in the viable cell recovery, maintaining islet cell integrity and functionality. It therefore becomes neces-loss, thereby maintaining perfect islet cell integrity and morphology. Such alterations have already been demon-sary to think about the role of such extenders/additives in improving the postthawing yield of pancreatic islets strated (15) , and Me 2 SO has been reported to induce peripheral cell detachment in cryopreserved islets (15) . after cryopreservation.
In conclusion, pretreatment and addition of taurine Thus, increased viable recovery of islets after taurine treatment could be due to interaction of taurine with during cryopreservation has maintained the functionality and structural integrity of pancreatic islets, thereby sig-membrane phospholipids (Hardikar et al., unpublished data), thereby protecting islet cell membranes against nificantly improving their viable recovery, which could be mediated through reduction in lipid peroxidation and osmotic stress (10) and also against the instability caused by lipid peroxidation. Decreased lipid peroxida-other osmoregulatory mechanisms. Such additives may prove important in islet cryopreservation and long-term tion levels in postthawed taurine-treated islets (Fig. 2 ) compared with control islets (p < 0.05) support this storage for transplantation, where postthawing islet viability is an important factor. Our studies indicate that hypothesis and also confirm its reported antioxidant role (7).
taurine shows very high potential as a valuable additive in islet cryopreservation. Taurine treatment also showed a slight but nonsignificant (p > 0.05) increase in islet insulin content com- freezing and thawing media offered a significant in-
